One-way endobronchial valves (EBV) insertion to reduce pulmonary air trapping has been used as therapy for chronic obstructive pulmonary disease (COPD) patients. However, local inflammation may result and can contribute to worsening of clinical status in these patients. We hypothesized that combined EBV insertion and intrabronchial administration of mesenchymal stromal cells (MSCs) would decrease the inflammatory process, thus mitigating EBV complications in severe COPD patients. This initial study sought to investigate the safety of this approach. For this purpose, a phase I, prospective, patient-blinded, randomized, placebo-controlled design was used. Heterogeneous advanced emphysema (Global Initiative for Chronic Lung Disease [GOLD] III or IV) patients randomly received either allogeneic bone marrow-derived MSCs (10 8 cells, EBV1MSC) or 0.9% saline solution (EBV) (n 5 5 per group), bronchoscopically, just before insertion of one-way EBVs. Patients were evaluated 1, 7, 30, and 90 days after therapy. All patients completed the study protocol and 90-day follow-up. MSC delivery did not result in acute administration-related toxicity, serious adverse events, or death. No significant between-group differences were observed in overall number of adverse events, frequency of COPD exacerbations, or worsening of disease. Additionally, there were no significant differences in blood tests, lung function, or radiological outcomes. However, quality-of-life indicators were higher in EBV 1 MSC compared with EBV. EBV 1 MSC patients presented decreased levels of circulating C-reactive protein at 30 and 90 days, as well as BODE (Body mass index, airway Obstruction, Dyspnea, and Exercise index) and MMRC (Modified Medical Research Council) scores. Thus, combined use of EBV and MSCs appears to be safe in patients with severe COPD, providing a basis for subsequent investigations using MSCs as concomitant therapy. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:962-969 
INTRODUCTION
Chronic obstructive pulmonary disease (COPD), which encompasses small airway disease (obstructive bronchiolitis) and parenchymal destruction (emphysema), will be the third leading cause of death worldwide by the year 2020, representing a substantial economic and social burden. COPD is inexorably progressive despite available pharmacologic treatments, which are mostly geared a Hospital Moinhos de Vento (HMV), Porto Alegre, Rio Grande do Sul, Brazil; b Hospital de Cl ınicas de Porto Alegre (HCPA), Porto Alegre, Rio Grande do Sul, Brazil; toward symptomatic relief. For more severe and end-stage disease, lung transplantation is only a limited option, given the shortage of donor lungs and possibility of short-and long-term graft rejection [1, 2] . Therefore, new therapeutic strategies for emphysema are being intensely investigated. One novel approach, the use of mesenchymal stromal cells (MSCs) [3] , appears particularly promising. MSCs harvested from bone marrow (BM), adipose tissue, or other sources have demonstrated potent antiinflammatory actions following systemic administration in a wide range of preclinical models of inflammatory and autoimmune diseases, as well as in a growing number of clinical trials [4] . Intratracheal MSC administration has been shown to reduce inflammation and injury in rodent and large-animal models, including explanted human lungs and models of lung injury [5] . Preclinical studies have demonstrated reduction of inflammation and fibrosis in different animal models of emphysema [6] . In the clinical setting, a prospective, randomized, double-blind trial in patients with moderate-to-severe emphysema [7] demonstrated that four monthly intravenous administrations of allogeneic BMderived MSCs obtained from healthy volunteers induced no acute infusion-related toxicities and were safe over a 2-year follow-up period [7] . Moreover, MSC administrations did not lead to COPD exacerbation and were associated with a reduction in circulating levels of C-reactive protein (CRP) over 2-year follow-up [7] . However, the trial was underpowered to detect any potential efficacy, and did not demonstrate any beneficial effects on pulmonary function or quality of life (QoL) [7] .
Concomitantly, a novel therapeutic approach using one-way endobronchial valves (EBVs) to deflate emphysematous sections and reduce air trapping, to allow better expansion and mechanics in the functional lung, has exhibited beneficial results on pulmonary function, exercise capacity, and QoL measures [2, [8] [9] [10] . Despite these promising findings, such bronchoscopic lung volume reduction (BLVR) has important limitations: valve placement may induce granuloma formation and localized inflammation, with subsequent mucus hypersecretion, which can increase the risk of infection and contribute to worsening of clinical status in these patients [2] .
Based on the anti-inflammatory, microbicidal, and antifibrotic properties of MSCs, we hypothesized that a combination of BLVR and intrabronchial local administration of MSCs at the EBV site could ameliorate both the underlying inflammatory process and possible side effects of EBV placement, and thus improve lung function and QoL, in patients with severe COPD. For this purpose, the present study was designed to evaluate the safety of combination MSC and EBV therapy in severe emphysema. The secondary goal was to evaluate whether this combination of therapies might reduce systemic inflammation and improve lung function and QoL in severe COPD patients. 
MATERIALS AND METHODS

Study Design and Oversight
Patient Selection
Patients aged 40 to 80 years, of both sexes, with severe heterogeneous emphysema (GOLD stage III or IV) [1] were eligible for the study. The selection criteria included dyspnea during usual tasks in the presence of available optimal care for COPD, absence of other diseases that could cause dyspnea, a radiologic diagnosis of emphysema (at least 20% of lung parenchyma with density <2950 HU and 25% of target lobe parenchyma with density <2950 HU), no smoking for at least 6 months prior to the EBV procedure, post-bronchodilator forced expiratory volume in 1 second (FEV 1 )/forced vital capacity (FVC) ratio < 70%, postbronchodilator FEV 1 below 45% of predicted value [2] , heterogeneity score > 15 pp [12] and fissure integrity > 75%, and oral corticosteroid dose < 20 mg per day. The inclusion and exclusion criteria are listed in Table 1 .
From May 7, 2013, through October 27, 2014, Digital Imaging and Communications in Medicine-compliant computed tomography (CT) images from 216 patients were evaluated by a single radiologist employing a specific protocol for CT scan analysis in Apollo software (VIDA Diagnostics, Coralville, IA, USA) [13, 14] . As 182 of the patients screened were from other countries or states, we chose to evaluate only those 34 patients from the state in which the study facility is located. Of these, only 22 patients were eligible for treatment using one-way EBVs (heterogeneity score > 15 pp and fissure integrity > 75%). Seven patients were excluded for oral corticosteroid therapy at a dose >20 mg per day and/or active pulmonary infection and five patients refused consent. Thus, 10 patients were included in this study, which began in December 2013.
Collection of BM
Human BM was collected (60 ml) from the iliac crest of a single healthy donor who had provided informed consent, following guidelines on the use of human subjects approved by the Pontif ıcia Universidade Cat olica do Paran a Ethics Committee (approval number 518.599).
Isolation and Culture of Adherent Cells
The aspirate was diluted 1:3 with Iscove's Modified Dulbecco's Medium (IMDM) (Gibco, Invitrogen, Grand Island, NY, USA, https://www.thermofisher.com/order/catalog/product/12440079) and carefully loaded onto Histopaque (1Á077 g/ml; Sigma Chemical, St. Louis, CA, USA, http://www.sigmaaldrich.com/catalog/ product/sigma/10771?lang=pt&region=BR) to obtain BM-derived mononuclear cells (MNCs). MNCs were isolated after a densitygradient centrifugation (400g, 30 minutes, room temperature) [15] and washed twice with IMDM. BM-derived MNCs were cultured at a density of 1 3 10 5 cells per cm 2 in T75 culture flasks (TPP, Trasadingen, Switzerland, http://www.tpp.ch/) at 378C in a humidified chamber containing 5% CO 2 , using IMDM supplemented with 15% fetal bovine serum (Gibco Invitrogen, Grand Island, NY, USA, https://www.thermofisher.com/br/en/home/lifescience/cell-culture/mammalian-cell-culture/fbs.html?gclid=CP-d9umQwtACFYIJkQod-QoM1Q&s_kwcid=AL!3652!3!931931053 48!b!!g!!%2Bgibco%20%2Bfbs&ef_id=V8Qu1gAABcPxOQnr:2016 1124193127:s), penicillin (100 units per ml), and streptomycin (100 mg/ml) (Gibco Invitrogen, Grand Island, NY, USA, https:// www.thermofisher.com/order/catalog/product/10378016?ICID= search-product). The culture medium was changed to remove the remaining nonadherent cells 2 days after the initial plating. Thereafter, the culture medium was replaced twice a week. After cultures had reached 80%-90% confluence, BM-derived MSCs were subcultured; MSCs were detached with 0.25% trypsin/ EDTA (Invitrogen, Grand Island, NY, USA, https://www.thermofisher.com/order/catalog/product/25200056?ICID=search-product) and replated as passage-1 cells; the process was then continued as previously described. MSCs were continually expanded and transplanted at third or fourth passages. Samples were taken for microbiological testing, immunophenotyping, and cytogenetic studies according to Brazilian National Health Surveillance Agency Resolution 09/2011 [16] . Cell-surface antigen profile [3, 17] , stemness, and cytogenetics [18] were evaluated (Supporting Information data). Cells in culture were harvested for use, diluted in saline solution (0.9% sodium chloride, Crist alia, São Paulo, SP, Brazil, http:// 2cristalia.com.br/2015/detalhe_produto.php?id=67), and placed in infusion bags. Finally, 10 8 cells were administered to each patient just before valve insertion.
MSC Administration
Following informed consent, local anesthesia of the oropharynx, larynx and vocal cords, and major airways was achieved with topical application of 1% lidocaine (Nonorap, Biolab, São Paulo, SP, Brazil, http://www.biolabfarma.com.br/produtos.php). Conscious sedation was induced with a single 100 lg bolus of fentanyl (Janssen-Cilag, SP, São Paulo, Brazil, http://www.janssen.com/brasil/sites/www_janssen_com_brazil/files/product/pdf/fentanil_ pub02_vps.pdf) and continuous intravenous infusion of propofol (4 mg/kg/h, Diprivan 1%, AstraZeneca, Cotia, SP, Brazil, http://www.astrazeneca.com.br/arquivos/bulas-encriptadas/ Diprivan.pdf). Patients were kept under spontaneous ventilation with supplemental oxygen delivered by nasal cannula to ensure normal ranges of SpO 2 . A video bronchoscope (VB1830, Pentax, Montvale, NJ, USA, https://pentaxmedical.com/pentax/en/99/ 1/Bronchoscopes) with a 2.8-mm instrument channel was used.
Of the 10 study patients, 5 were randomly chosen to receive fresh BM-MSCs (10 8 cells in 30 ml saline, at a rate of 2.0 3 10 7 cells per min, infused over 5 minutes), and 5 to receive saline (vehicle control). MSCs or saline were infused through a polyethylene catheter (Olympus PR-2B1) placed through the working bronchoscopy channel. The catheter tip was placed 3-5 cm in the segmental or subsegmental bronchus of all branches of the target lobe, in the region where the EBVs were to be placed. A total volume of 30 ml of either MSCs or of saline vehicle control was instilled into each subsegmental airway division visualized, immediately prior to insertion of each EBV into these same subsegments.
Valve Placement
Following MSC or saline infusion, endobronchial lobar occlusion was performed using Zephyr valves placed in segmental or subsegmental bronchi of all branches of the target lobe. Pretreatment analysis of airway morphology and virtual bronchoscopy using the Apollo software was used to facilitate treatment planning [19, 20] by determining, a priori, the size and number of valves to be utilized in each patient [10] .
Postoperative Care and Follow-Up
A chest radiograph was performed immediately after the procedure. Patients were kept under cardiopulmonary monitoring throughout the procedure, which lasted no longer than 15 minutes.
Study Outcomes
Patients remained in hospital for 2 days due to the possible risk of COPD exacerbation or pneumothorax. Heart and respiratory rates, body temperature, blood pressure, and oxygen saturation were measured continuously during this period. On discharge, patients were instructed to call the investigators or return to the hospital if any acute event occurred. Safety was characterized by the occurrence of adverse events (Table 2 ) during MSC infusion, EBV implantation, or at 1-and 3-month follow-up evaluations. Blood tests (arterial blood gas analysis, complete blood count, urea, creatinine, glucose, and electrolytes) were performed immediately before the procedure and 1, 7, 30, and 90 days thereafter. Chest CT scans were performed before and 30 and 90 days after treatment. To assess systemic inflammation, circulating levels of transforming growth factor (TGF)-b, keratinocyte growth factor (KGF), and vascular endothelial growth factor (VEGF), were measured as modulator factors induced by MSCs [6] . Systemic tumor necrosis factor (TNF)-a, interleukin (IL)28, IL-10, and CRP levels were assessed in serial blood samples obtained throughout the study period [21] .
Secondarily, efficacy measures assessed improvement from baseline in pulmonary function parameters: (a) FEV 1 , FVC, FEV 1 / FVC [22] , and total lung capacity (TLC), assessed by body plethysmography, (Jaeger, Hoechberg, Germany) [22] ; (b) single-breath carbon monoxide diffusing capacity (DLCO) [22] ; (c) the Body mass index, airway Obstruction, Dyspnea, and Exercise (BODE) index, which incorporates four factors known to be independent predictors of disease severity in COPD: body mass index (BMI); [24] .
Statistical Analysis
The number of patients was selected for initial assessment of safety in a phase I investigation. However, this study was ultimately underpowered for efficacy; only 10 patients were randomized, in a 1:1 ratio of MSCs to placebo. For all endpoints, statistical analyses were performed using two-sided hypothesis tests, including t tests, Wilcoxon rank-sum tests, and Fisher exact tests, as appropriate. All were performed at the .05 level of significance [25] .
RESULTS
Patients
All 10 randomized patients completed the scheduled follow-up period (Supporting Information Fig. 1 ). The main baseline characteristics of the two populations are summarized in Supporting Information Tables 1 and 2 . In general, the patients were well matched by age, sex, race, BMI, cumulative pack-year smoking history, and comorbid conditions. Additionally, the enrolled population had relatively advanced disease, with 100% of patients being categorized as having severe COPD at study entry, with an average of 23% of predicted FEV 1 and an average smoking history of 62.9 pack years. All patients had at least one significant clinical comorbidity (Supporting Information Table 2 ).
Procedure
Endobronchial valve implantation data are summarized in Supporting Information Table 3 . Briefly, valve number, total emphysema area (area with density <2950 HU), treated lobar volume, percentage of treated lobe volume over ipsilateral lung volume, and gradient of emphysema area of target lobe compared with adjacent lobes from the ipsilateral lung did not differ between groups.
Outcomes
BLVR was well-tolerated in all patients but one, who developed pneumothorax, pneumonia, empyema, and respiratory failure, resulting in removal of all valves. Intrabronchial MSC administration was well-tolerated and no serious or clinically significant symptoms or signs were observed during instillation. Three patients (60%) in the placebo group and two (40%) in the MSC group experienced an adverse event during the study period. Only one patient (25%) in the EBV group experienced a serious adverse event, as noted above. This patient underwent valve removal, recovered from complications (pneumothorax and empyema), and was referred for lung transplantation. No patient in the EBV-MSC group experienced serious adverse events. Table 2 provides a detailed list of adverse events stratified by system organ class.
Serial toxicologic outcomes, such as arterial oxygen partial pressure (PaO 2 ), arterial oxygen dioxide partial pressure (PaCO 2 ), and serum glucose, sodium, potassium, urea, creatinine levels did not differ significantly between the two groups and did not change significantly over time ( Table 3) . Levels of circulating TGFb, KGF, VEGF, TNF-a, IL-8, and IL-10 were at or below assay detection limits in most patients, thus precluding analysis for significant differences (data not shown). Circulating CRP levels did not differ significantly between groups at baseline or at days 1 and 7; however, CRP levels were significantly reduced in EBV 1 MSC compared with EBV 1 SAL at days 30 and 90 (Fig. 1) .
No statistically significant between-group differences in FEV 1 , FEV 1 % predicted, FVC, FVC% predicted, TLC, TLC% predicted, or DLCO were observed (Table 4 ). Lung scintigraphy findings were similar in both groups over 90 days ( Table 5) .
The study was underpowered for assessment of potential efficacy outcomes. As such, no statistically significant differences between the two treated groups were observed in 6MWD or BMI. EBV 1 MSC patients had a significant lower BODE index at day 90 compared with baseline, as well as lower MMRC scores at day 90 compared with baseline and to day 30. Significant decreases in St. George's Respiratory Questionnaire scores (SGRQS, SGRQA, SGRQI, SGRQT) were observed in the EBV 1 MSC group at 90 (Table 6) .
DISCUSSION
In this sample, combined placement of one-way EBV and MSC administration was not associated with serious adverse events in patients with advanced heterogeneous emphysema. Neither group experienced significant improvement in ventilation/perfusion rates, laboratory outcomes, expiratory flow rates, or 6-minute walk distance. Nevertheless, in the EBV 1 MSC group, patients experienced a significant reduction in CRP levels at days 30 and 90 after transplant, in conjunction with a decrease in BODE, MMRC, and SGRQs scores, reflecting improvement in overall health, daily life, and perceived well-being.
Circulating CRP levels can be a strong and independent predictor of hospitalization, exacerbation, and mortality in individuals with COPD [26] . As MSC administration was associated with reduced systemic CRP levels, we speculate that MSC administration might reduce these outcomes in this patient population. However, in a previous study, no such reduction was observed following systemic MSC administration over a 2-year follow-up period. Moreover, it is unclear how localized intrabronchial MSC administration could modify circulating CRP levels. The BODE index has proven to be a good predictor of mortality, hospitalization, and number and severity of exacerbations [23] . The SGRQs are a standardized set of self-report measures for assessment of impaired health and perceived well-being in patients with lung diseases [24] . In this initial study, patients who received MSCs had better BODE and SGRQ scores, suggesting improved self-perception of QoL. Larger-scale trials are warranted to elucidate these initial findings.
Promising new approaches to treat COPD continue to be developed. One example, lung volume reduction surgery (LVRS), was initially regarded as a therapeutic alternative for patients with severe COPD, but was complicated by adverse effects and perioperative complications, long-term respiratory complications, high mortality rates, and increased health care expenditures [8] . Nonoperative BLVR with EBVs is a simpler, relatively safe, and more accessible approach that has demonstrated growing success [9, 10] . The main complications following BLVR are pneumothorax and the formation of small granulomas around the valves, possibly due to mucosal trauma generated by the insertion technique [10] . An anti-inflammatory and antifibrogenic adjuvant, administrated concomitantly with BLVR insertion, could prevent granuloma formation and subsequent functional compromise.
MSCs have low immunogenicity [3] and may suppress immune-effector cells, such as T and B lymphocytes [4] . Such features indicate that allogeneic transplantation of MSCs might be feasible. Preclinical data have shown the great potential of MSCs for modulation of inflammatory parameters (immune cell polarization and activity, production of inflammatory cytokines, and growth factors) in several models of respiratory diseases [27] , including COPD [6, 27] .
Systemic administration of autologous and allogeneic MSCs has been uniformly demonstrated as safe in a wide range of diseases, without infusion-related toxicity or significant adverse effects over at least 5 years after administration, as shown in recent meta-analyses [28] . Preclinical studies have also demonstrated the safety of intrabronchial MSC administration, and a small number of trials support the clinical safety of this approach [27] . Preclinical data are strongest for acute, severe lung diseases and critical illnesses, such as the acute respiratory distress syndrome and septic shock, and these conditions are expected to be those most amenable to MSC-based cell therapies [29] . Whether chronic diseases such as COPD are also amenable to cell-based therapies remains to be determined. The present study does not directly propose MSCs as a therapy for COPD, but rather as an adjunct to decrease potential complications of BLVR with EBV placement. Following our initial safety investigation, future largerscale trials should be conducted to determine the potential efficacy of this approach.
A growing number of clinical investigations of MSC-based cell therapies are being conducted in an ever-widening spectrum of critical illnesses and lung diseases [7, 27, 29] , including COPD. The PROCHYMAL study tested the safety of BM-MSCs infused every 4 months in patients with moderate-to-severe emphysema, and found that MSC therapy was safe and promoted significant reductions in CRP levels, with no significant differences in pulmonary function tests. However, contrary to our findings, there was no improvement in QoL indicators [7] . In the PROCHYMAL study, MSCs were administered through the intravenous route. In the present study, we decided to administer MSCs through the intrabronchial route (3-5 cm distal to segmental bronchi) in an attempt to deliver these cells close to the primarily injured tissue, so as to enhance local anti-inflammatory, antifibrotic, and microbicidal effects. Additionally, the cells were administered in combination with EBVs, which ensure their proximal retention in the damaged parenchyma.
In a conceptually related study, Stolk et al. assessed the safety and feasibility of intravenous administration of autologous BMMSCs after one-sided LVRS and prior to a second LVRS procedure for patients with severe pulmonary emphysema [30] . Briefly, LVRS was first performed on one lung without preoperative infusion of BM-MSCs, followed by a second surgical procedure on the contralateral lung, which was preceded by two IV of BM-MSCs (3 and 4 weeks before the second surgery). Although the results showed that autologous MSC administration in patients with severe emphysema was feasible and safe, the study had several limitations, including its open-label, nonrandomized, nonblinded, prospective design. The study also lacked standardization of the number of cells in each dose across patients, and timing of MSC administration after the first treatment varied. The main limitation, however, was the lack of a placebo group. As most results were attributed to cell therapy, but patients were not compared with a control group, outcomes may in fact have been due to LVRS and not necessarily due to effects of cell therapy. Thus, its results should be interpreted with caution [30] . Our group was the first to test the effect of MSC administration in the distal airway combined with EBV-based BLVR in a placebo-controlled, randomized design. Limitations of our study include the small number of recruited patients, the short duration of follow-up (up to 90 days), and measurement of inflammatory mediators only in plasma, but not in bronchoalveolar lavage fluid. Furthermore, as our design was underpowered for efficacy, our primary objective was limited to assessment of the safety of MSC administration concomitant to EBV insertion.
CONCLUSION
In summary, the combined use of intrabronchial MSC administration and BLVR through endobronchial valve placement appears to be safe and may decrease systemic inflammation in patients with compromised lung function due to severe COPD. These results provide a basis for subsequent investigations of MSCs as adjunctive therapy in patients with COPD.
